a W/O-type HIPRE is stabilized by a discontinuous reverse micellar cubic phase (I 2 ). However, there is only few reports concerning to the formation of I 2 phase in a surfactant field (6) (7) (8) .
For example, in the case of poly(oxyethylene)-type nonionic surfactants, the I 1 phase is formed in a wide range of long poly(oxyethylene) chain length (9, 10) , whereas there is no report on the formation of I 2 phase in the lipophilic surfactant with a short hydrophilic chain. There are the following reasons for the lack of I 2 phase in many surfactant systems. In order to form a reverse-type morphology with the negative surfactantlayer curvature, the surfactant must be lipophilic in the HLB sence. However, the lipophilic chain length of conventional surfactant is limited in a range of C 8 -C 20 , and a lipophilic surfactant with a very short hydrophilic chain has to be used. The segregation tendency of short poly(oxyethylene) chains is not strong enough for aggregation in non-polar medium.
Hence, a long-lipophilic-chain surfactant with a relatively long poly(oxyethylene) chain or lipophilic surfactant having a strongly hydrophilic head group must be used to form the I 2 phase. In fact, in poly(oxyethylene)-poly(oxypropylene)-type copolymer systems, the I 2 phase is produced in the presence of water. In the absence of water, however, the copolymer does not form liquid crystal due to the weak segregate tendency of both chains in oil. Since a melting temperature of a long linear hydrocarbon chain is high, conventional long-hydrocarbon-chain surfactants cannot be used around room temperature.
In this context, the phase behavior of lipophilic poly(oxyethylene)-poly(dimethylsiloxane) copolymer in water and oil was investigated. The formation of I 2 phase and I 2 -phase-based HIPRE were also studied.
Experimental 1 Materials
The lipophilic poly(oxyethylene)-poly(dimethylsiloxane) copolymer, PEOS-5 (HLB number = 5, M s = 4300~11500), and silicone oil, octamethyl-cyclotetrasiloxane (D 4 ), were obtained from Dow Corning Toray Silicone Co. Ltd. The chemical structure of PEOS-5 is shown in Fig. 1 . The synthetic perfume compound, d-limonene (LN), was purchased from Yasuhara Chemical Co. Ltd. Extra-pure grade decane and hexadecane were obtained from Tokyo Kasei Kogyo Co. Ltd. The m-xylene was obtained from Wako Pure Chemical Industry Co. Ltd. The chemicals were used without further purification. Doubly distilled water was used for all experiments.
Determination of Phase Diagrams
Various amounts of components were weighted and flame-sealed in ampoules. Samples were mixed using a vortex mixer and homogeneity was attained by repeated centrifugation through a narrow constriction in the sample tubes. The phase equilibria were determined by visual observation. The optical anisotropic nature of the samples was observed with crossed polarizers. The structural characterization of liquid crystal was determined by means of small-angle X-ray scattering (SAXS) measurements and polarized microscopy.
3 Small-angle X-ray Scattering (SAXS)
Inter-layer spacing of liquid crystal was determined by small-angle X-ray scattering (SAXS), performed on a small-angle scattering goniometer with an 18 kW Rigaku rotating anode goniometer (Rint-2500) at about 25 . The samples of liquid crystals were sealed in plastic films for the measurement (Mylar seal method). 
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The measurements were performed at 50 kV, 300 mA. The types of liquid crystals were identified by the SAXS peak ratios.
3 Results and Discussion 3 1 Binary Phase Behavior of Water/PEOS-5 System The phase diagram of water/PEOS-5 system was constructed as a function of temperature and is shown in Fig. 2 . There is a region of transparent gel between 64 and 96 wt% at 25 . The photomicrograph of the video-enhanced microscopy (VEM) identifies this phase as a reverse hexagonal (H 2 ) phase. We consider it as H 2 rather than the normal type, H 1 , because it is produced by a lipophilic copolymer at a high concentration and coexists with an excess water phase. Below 64 wt%, the copolymer forms a two-phase region which appears cloudy and shows weakly birefringent around room temperature. The phase boundary of the H 2 phase was determined by SAXS at 25 . It is considered that cylindrical micelles are packed in a hexagonal array in the H 2 phase as is shown in Fig. 3 . The interlayer spacing, d, of the H 2 phase was measured by SAXS as a function of water concentration and is shown in Fig. 4 . Since water is incorporated in the reverse cylindrical aggregate core, cylindrical aggregates grow and d increases until an excess-water phase separates. Above 96 wt%, a copolymer liquid O m was found. At a high temperature, the H 2 phase is melted and a two-phase region consisting of a liquid copolymer phase (O m ) and excess water phase (W) appears. The phase boundary between O m + W and H 2 + W region is a three-phase line and should be at constant temperature in a binary system according to the phase rule. However, the present commercial PEOS-5 has a small amount of impurity and/or it is a mixture of different chain length. For these reasons, the boundary is slightly shifted to high temperature at high concentration.
2 Ternary Phase Behavior of Water/PEOS-5/ d-Limonene System
The phase diagram of water/PEOS-5/d-limonene (LN) system at 25 is shown in Fig. 5 . There are three single-phases at a higher copolymer concentration (~75 % to 90 %), H 2 , very viscous and optically isotropic phase (I 2 ), and isotropic phase (O m ). The H 2 phase changes to I 2 and O m phases with increasing LN content. The I 2 phase is extremely viscous with a glassy appearance and this I 2 phase is considered to be a reverse micellar cubic phase, because the copolymer layer curvature is changed to be more negative and the phase exists between the H 2 and a reverse micellar solution phase (O m ). In addition, this phase also coexists with W phase. The I 2 phase is also found in lipophilic linear A-B type poly(oxyethylene)-poly(dimethylsiloxane) copolymers in both water and oil (11, 12) . (Fig.  6b) fits a straight line passing through the origin, in agreement with the Fd3m space group (6, 7, 13, 14) . The lattice parameter, a, is 39.6 nm and is much longer than that in a short-chain surfactant system. This is a typical space group for a reverse micellar cubic phase found in some binary (13) and ternary (6, 7, 14) surfactant systems. Hence, it is quite possible that the I 2 cubic phase of the PEOS-5 system has the similar structure to that proposed by Luzzati et al (14) , namely, consisting of a unit cell containing 24 quasi-spherical reverse micelles, 8 larger ones and 16 smaller ones as is shown in Fig. 6c (14) .
Effect of Oil on the Phase Behavior of
Water/PEOS-5 System It is known that the shapes of self-organized structures are highly dependent on the types of oils in water /block copolymer or surfactant /oil systems (9, (15) (16) (17) (18) (19) . To investigate the morphology in the different types of oils, the effect of added m-xylene, decane, hexadecane and octamethyl-cyclotetrasiloxane (D 4 ) on the phase behavior of water/PEOS-5 system was also investigated, and the results are shown in tion range of I 2 phase in Fig. 5 . In all the oil systems, the H 2 phase changes to the I 2 phase with increasing oil content and finally, the I 2 phase changes to the O m phase for m-xylene, LN, decane, and D 4 systems. However, in the case of hexadecane, the I 2 phase coexists with excess oil, because the compatibility of hexadecane with a silicone chain is poor and PEOS-5 is not soluble in hexadecane. The concentration range for D 4 system is the widest whereas it is the narrowest for hexadecane system as is shown in Fig. 7 .
To understand the change in liquid crystalline structure upon addition of different oil, we measured the interlayer spacings, d, as a function of oil concentration. The results are shown in Fig. 8 . In the I 2 region, d value is corresponding to the 311 Bragg reflection (the most intense one in the Fig. 6a) . In the H 2 phase, the interlayer spacings are almost unchanged, and the d values are jumped to the high volume for m-xylene (Fig.  8a), LN (Fig. 8b) and decane (Fig. 8c) systems. However, the d value increases gradually when hexadecane (Fig. 8d) or D 4 (Fig. 8e) is added in the H 2 phase. Although the volume fraction of lipophilic part (silicone chain + oil) increases, the d is almost unchanged in the former three systems. It means that the reverse micellar radius in the H 2 phase should be decreased upon addition of the oils. Compared with hexadecane and D 4 , these oils are rather small and tend to be solubilized in the vicinity of an interface of aggregates. Then, the copolymer layer curvature becomes more negative in the H 2 phase and the micellar radius decreases. On the other hand, a high-molecular-weight oil has a weak tendency to be solubilized near the interface. Hence, d increases in the H 2 phase because the change in micellar radius is small and its distance is separated with increasing oil content.
In both cases, the H 2 -I 2 phase transition takes place in order to minimize the surface area of aggregates. However, the oil content at the phase transition for mxylene, LN and decane is much lower than that for hexadecane and D 4 systems as is shown in Fig. 8 , because these three oils have a strong tendency to make the copolymer curvature more negative.
The X-ray diffraction pattern of I 2 sample of 20 wt% D 4 was also measured at 25 . The water/PEOS-5 weight ratio is 16/84. In the low-angle region, six Bragg peaks were obtained and they are also indexed as the hkl =111, 220, 311, 331, 442, and 620 reflections of the face-centered space group Fd3m (Q 227 ) (The lattice 
based emulsion, the reverse micellar cubic phase should be melted at a high temperature to enable an adequate dispersion of water in the melted I 2 phase, during emulsification process. As the mixture is agitated, the water is emulsified gradually in the melted I 2 phase, and finally a gel is obtained by cooling the sample. A picture of a gel-emulsion is shown in Fig. 9 . This gel-emulsion looks turbid over the entire range of compositions in which they can be produced, because the difference between the refractive indices of the I 2 phase and the dispersed water phase is large. A photomicrograph of the same gel-emulsion is also shown in Fig. 10 . The emulsion is polydisperse and some of the droplets are polyhedral, since the volume fraction of the internal phase (water) exceeds the maximum value for a packing of spheres, 0.74.
Conclusions
Commercial lipophilic copolymer, poly(oxyethylene)-poly(dimethylsiloxane) (PEOS-5) forms a reverse hexagonal liquid crystal (H 2 ) in water. When oil (LN, m-xylene, decane, hexadecane, and D 4 ) is added to the binary system, the H 2 -I 2 phase transition takes place where I 2 is a discontinuous reverse micellar cubic phase in all the oil systems. Oil is solubilized in the poly(dimethylsiloxane) chain of PEOS-5 and makes the copolymer-layer curvature more negative. Compared with small oils, however, hexadecane and D 4 have a weak tendency to be solubilized in the vicinity of interface of aggregates. The I 2 phase coexists with excess water phase and the W/I 2 -type stable highly concentrated emulsion of HIPRE is produced. 
